Ba(Ti1−xZrx)O3 (x = 0 ÷ 0.3) ceramics were prepared by the standard solid state reaction method and were sintered at 1450
Introduction
BaTiO 3 (BT) is the most promising lead-free material exhibiting superior properties like high dielectric permittivity, low dielectric loss tangent, dielectric reliability, high electromechanical coupling coefficients, good thermal shock resistance and large tunability [1] . Hence, this material finds its applications in tunable microwave devices and thermistor applications [2, 3] . A lot of work was carried out in evaluating the properties of the doped BaTiO 3 ceramics. The effect of dopants ranging from metals, semiconductors to insulators including rare-earth dopants like La, Nd, Pr, Gd on the dielectric and ferroelectric properties were investigated [4] [5] [6] . Zr is chosen as a B site dopant for such ABO 3 type perovskites due to its effective role in minimising the dielectric loss at low frequencies. Since zirconium is known as an effective substituent in BaTiO 3 to shift the Curie temperature downward and raise the other two phase transition temperatures, many investigations have focused on the effect of Zr 4+ ion additions [7] [8] [9] . In this work Ba(Ti 1−x Zr x )O 3 ceramics were prepared by a solid-state reaction technique. The Raman spectroscopy, X-ray and microstructural analyses, and dielectric properties were performed to study the effect of ZrO 2 substitution on the
Materials and methods
Ba(Ti 1−x Zr x )O 3 (x = 0 ÷ 0.3) ceramic powders were prepared by solid-state mixed oxide technique. The star- * corresponding author; e-mail: kerimemreoksuz@gmail.com ting materials used were BaCO 3 , TiO 2 , and ZrO 2 (all > 99.9% pure, Aldrich, USA). The stoichiometrically weighed amounts of these powders were milled by ball milling technique in isopropyl alcohol using ZrO 2 balls at 200 cycles/min for 24 h and then dried in a Pyrex pan. The powders were followed by calcination in the air for 2 h at 1000
• C. The final powder was attrition milled for 10 h and then sieved to less than 45 µm prior to being mixed with an organic binder (5% PVA 72000 g/mol). Pellets were pressed uniaxially at 100 MPa and sintered at 1450
• C for 4 h in static air in a closed alumina crucible and cooled to room temperature (at a ramp of 5
• C/min). The crystal structure of the samples was determined from X-ray diffraction (XRD) data. An X-ray diffractometer (Rigaku D/MAX/2200/PC) with a monochromatic Cu K α radiation (λ = 1.5408 Å) was used over a 2θ angle from 20
• to 80
• to characterize the crystal structure of the sintered compacts. A Kaiser RAMAN-RXN1 Raman spectrometer was used for further investigation of phase composition of the samples. The Raman scattering spectra of the ZrO 2 doped BaTiO 3 ceramics were recorded using 785 nm Invictus laser light source, a low excitation power of 5 mW. The surface morphology of the ceramics was examined by using a scanning electron microscope (SEM, Model JEOL-JSM 6060-LV, Japan). The frequency dependence of dielectric properties was characterized using a precision LCR Meter (Hioki 3532-50 LCR, Japan) at 1 kHz-1 MHz at room temperature.
Results and discussion

XRD analysis
Phases formed in the sintered Ba(Ti 1−x Zr x )O 3 (x = 0 ÷ 0.3) ceramics were confirmed by XRD analysis as shown in Fig. 1 . The XRD analysis showed that there (197) K.E. Oksuz, S. Sen, U. Sen is no any trace phase beside the perovskite phases. Increase of ZrO 2 content in the Ba(Ti 1−x Zr x )O 3 ceramics caused to increase the peak intensities of the related perovskite phases. The peaks taking place on the XRD pattern of Ba(Ti 1−x Zr x )O 3 (x = 0.1) ceramic changed the position according to XRD patterns of the BaTiO 3 ceramic, ZrO 2 free (see Fig. 1a and b) . The change of the peak intensities and positions resulting from the ionic radius of Zr 4+ (0.72 Å) is large as compared to Ti
4+
(0.60 Å) and so, caused by variation of lattice parameters of the perovskite phases. In addition to these, the increase of ZrO 2 content caused more variations of lattice parameters of the Ba(
ceramics. The analysis shows that an increase in ZrO 2 content decreases the c-parameter and increases the aparameter, causing a change from tetragonal (Fig. 1a) to cubic (Fig. 1b-d) symmetry, which supports the earlier reports on BZT [10, 11] . 3.2. Raman spectroscopy BaTiO 3 is a well-known classic ferroelectric material that is cubic above 39-408 K and belongs to the space group P m3m [1] . At temperatures below 393 K it is ferroelectric with a P 4mm (C 1 4v ) structure, which further transforms into orthorhombic and rhombohedral structures at 278 and 183 K, respectively. The cubic (paraelectric) phase allows 12 optical modes (3F 1u +1F 2u ) that are not Raman active [12] . In the tetragonal (ferroelectric) phase, three A 1 + E phonons arise from the three F 1u modes, whereas one E + B 1 mode comes from the F 2u mode, the so-called "silent mode" since it is neither infrared nor Raman active. These modes further split into longitudinal (LO) and transverse (TO) components due to the long range electrostatic forces associated with lattice iconicity [13] . Room temperature measured Raman spectra of Ba(Ti 1−x Zr x )O 3 (x = 0 ÷ 0.3) ceramics are displayed in Fig. 2 . Observed spectral features are numbered consecutively from 152 to 752, starting from the low wave number region. Peaks 302, 512, and 712 cm −1 are found in all ferroelectric phases of BT-based materials. Peaks 280 cm −1 and 512 cm −1 have a dominant A 1 (TO) character, as was proven in polycrystalline BT by polarization measurements [14, 15] , and the former is associated with polar Ti-O vibrations. 
Microstructural characteristics
All the samples sintered at 1450
• C for 4 h were studied by scanning electron microscope. SEM study of the samples revealed that the sintering took place without grain growth. The SEM micrographs of Ba(Ti 1−x Zr x )O 3 (x = 0 ÷ 0.3) dielectric ceramics are shown in Fig. 3a,d , respectively. There is no obvious grain structure in all samples. As shown in Fig. 3b-d , after adding 0.1 to 0.3 mol.% ZrO 2 into BT, the grain structure starts to develop and the grain size is about 1.2-1.55 µm. 3 . This corresponds to the result shown in Fig. 3a that pure BaTiO 3 has a higher density than Ba(Ti 0.7 Zr 0.3 )O 3 . By adding ZrO 2 into BaTiO 3 , the core-shell structure developed and does not exhibit exaggerated grain growth. It can be shown from the SEM images that the ZrO 2 modified BZT ceramics exhibit fine grain size and tetragonal structure to cubic structural transformation [16] [17] [18] [19] . Figure 4a and b shows the frequency dependence of the dielectric constant and tan δ of Ba(Ti 1−x Zr x )O 3 ceramics (x = 0 ÷ 0.3) measured at 1 kHz to 1 MHz. It can be seen that the value of dielectric constant is higher at lower frequency and with an increase in frequency, it decreases because in a dielectric material, polarization occurs due to contributions of electronic, ionic, dipolar, and space charge region. At lower frequencies, all the types of polarization contribute to polarization and as the frequency increases, contribution of different polarization decreases and at higher frequency only dipolar and electronic polarizations mainly contribute to polarization [11] . In this study, the results show that the Ba(Ti 1−x Zr x )O 3 (x = 0.2) ceramics has the excellent dielectric properties. When the Zr 4+ ion content approaches x = 0.2, the dielectric constants are increased to a maximum while the dielectric loss reaches the minimum value ( Fig. 4a and b) [20] . The result indicates that the peak value of the dielectric constant for low doped sample is the maximum and the peak value decreases with ZrO 2 content (x > 0.2). 
Compared to pure BaTiO
3 and Ba(Ti 0.7 Zr 0.3 )O 3 ceramics, Ba(Ti 0.7 Zr 0.3 )O 3 contained more porosity than BaTiO
Dielectric study
Conclusions
Perovskite types Ba(Ti 1−x Zr x )O 3 (x = 0 ÷ 0.3) ceramics were obtained by sintering at 1450
• C/4 h from ceramic powders by the solid state reaction route. X-ray diffraction data and the Raman spectroscopy showed the formation of single phase solid solutions and pointed out the increase of the lattice parameters, as well as the change of the unit cell symmetry as the ZrO 2 content increased from x = 0.1 to x = 0.3. Addition of different concentration of ZrO 2 has influence on the microstructure of barium titanate ceramics. When the ZrO 2 concentration was increased, a significant decrease in grain size was observed. The dielectrical properties of the different samples had been elucidated by LCR meter as a function of frequency. The measurement from the different samples showed that there was a significant change in the dielectric constant and dielectric loss with some increase of the ZrO 2 content. When the concentration of Zr 4+ ions was increased (x < 0.3), the dielectric constant also slightly increased due to the phase transformation and grain size. A linear decrease of dielectric constant and dielectric loss with frequency up to 1 MHz has been noticed in all specimens.
